Mercaptide anions form exclusively pentacoordinate heme complexes [R--hemeJ in polar and nonpolar solution over a wide range of mercaptide concentration. These complexes have a Soret peak at 408 nm and a formation constant of abut 2.5 X 104 M-', and combine with CO to give a CO cytochrome P450 type spectrum. Kinetics and cytochrome P450. The reaction of alkoxide anion with heme has also been examined but no evidence was found for the existence of the [RO--heme-CO] species. Cytochromes P-450 are a unique class of hemeproteins that catalyze the hydroxylation of a wide variety of organic compounds through the activation of molecular oxygen (1, 2). Although the primary locus of such enzyme systems is in the microsomal fraction of mammalian liver and adrenal cortex, much of our present knowledge concerning the properties of P-450 has been obtained from studies on the more readily available soluble P-450 of bacterial origin. A substantial amount of information is now available on the functional aspects of the catalytic reaction but comparatively little is known concerning the structure of the active site of the enzyme itself. Specifically, the nature and roles of axial ligands coordinated to the prosthetic group, protoheme, are yet to be elucidated. In the absence of definitive x-ray crystal structures of P-450, we have undertaken the approach of synthesizing model compounds which mimic P-450, in order that its mechanism of enzymic activities can be elucidated.
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The absorption spectrum with the unusual red-shifted Soret band of CO-P-450 complex has already been successfully duplicated with simple iron(II) porphyrins by having a mercaptide ion ligated trans to CO, at the fifth coordination site of heme (3) (4) (5) (6) . This evidence, coupled with earlier electron spin resonance experiments on both enzymes and model compounds (7) (8) (9) , strongly implies that a mercaptide ligand is coordinated to all the ferric stages and at some stages of the ferrous complex in the P-450 catalytic cycle. In the absence of CO, our model exhibited a spectrum with absorption bands at wavelengths identical to those of reduced P-450 (3, 4) . Since the unligated form of P-450 is assumed to be a pentacoordinate heme with subsequent ligation of CO or 02 taking place at the sixth site, we have examined the reaction between mercaptide ion and heme and studied the properties of the "mono" mercaptideheme species. We wish to report here the thermodynamics and kinetics of the interactions between mercaptide ion, heme, and CO, and to report some observations on the obligatory nature Abbreviations: P-450, cytochrome P-450; DMA, NN-dimethylacetamide; Me2SO, dimethyl sulfoxide; Heme, iron(II) protoporphyrin IX dimethyl ester; Hemin, iron(III) protoporphyrin IX chloride dimethyl ester.
of the mercaptide ligand in bringing about the long-wavelength Soret peak of the CO complexes.
MATERIALS AND METHODS
Protohemin chloride dimethyl ester was prepared by insertion of iron into protoporphyrin IX dimethyl ester, which was synthesized from protoporphyrin via its acid chloride (10) . Since hemin is reduced by mercaptide, reduction of Fe(III) protoporphyrin IX chloride dimethyl ester prior to reaction was not necessary. In other cases, it was reduced by the Pd/CaH2 method previously described (11) . Dimethyl sulfoxide (Me2SO) and NN-dimethylacetamide (DMA) were purified by distillation over calcium hydride under reduced pressure.
Mercaptide-Crown Ether Complex. (a) Anhydrous solutions: KH (0.3 g; 50% in oil, Alfa) was washed twice with pentane and dried under vacuum. About 0.3 g of butanethiol (Eastman) in 2 ml of benzene was added under argon, and excess thiol and solvent were removed by vacuum after 1 hr. The resultant white powder was then dissolved in either deaerated Me2SO or toluene along with an equivalent amount of dibenzo-18-crown-6 (3). The solubility of the mercaptide salt in toluene even in the presence of crown ether was rather poor. A saturated solution has a concentration of about 2 mM. The exact mercaptide concentration was determined by titration with HC1. Care was exercised to exclude oxygen, since mercaptide solution underwent rapid oxidation to give disulfide.
(b) DMA and H20 system: KOH pellets (0.2 g) were dissolved in a minimum volume of water. The amount of water was scaled so that the final solution had less than 5% water. As long as the water content was within this limit (0-5%) it did not have any appreciable solvent effect on kinetics or equilibrium results. DMA containing 5% water has a melting point of about -50°w hich was found useful when performing the low temperature studies. The concentrated KOH solution was diluted with deaerated DMA and equivalent amounts of butanethiol and dibenzo-18-crown-6 were then added.
A solution of the Me2SO anion was prepared by reacting deaerated Me2SO with KH. The potassium methoxide solution was prepared by the same procedure described above, with butanethiol being replaced by anhydrous methanol. NaOMe (Fisher) was also used directly.
The flash photolysis apparatus used in the present experiments was the same instrument described previously (12, 13) , except that a second monochromator was placed between the flash compartment and the photomultiplier. This permitted minimal flash light leakage to the detector when sample solutions were flashed with long-wavelength light (X> 450 nm) and monitored at shorter wavelengths (A < 500 nm). The duration of the flash was adjusted between 50 and 500 ,usec with a decay time of about 40 gsec. The output signal from the photomultiplier was processed electronically through two log amplifier circuits to give direct display of absorbancy change as well as the first-order rate plots (14) .
RESULTS
The formation and spectral properties of pentacoordinate [RS~-HemeJ Reactions between iron(II) porphyrin and various ligands (L) can be generally divided into two categories, as depicted in Eq.
1.
Heme + 2L KV L-Heme + L x L-Heme L [1] There are ligands such as pyridine and imidazole with which K2 is larger than K1, such that the formation of hexacoordinate "hemochromes" is favored over the pentacoordinate species and isolation of the intermediate is difficult unless special stereochemical designs are incorporated into the heme molecule (12, 15, 16) . On the other hand, a ligand like CO has a larger KI, and preparation of the pentacoordinate heme, in solution, is possible by controlling the ligand concentration (17) .
When protoheme was reacted with the mercaptide crown ether complex only a single spectrum reflecting a single species was observed over a wide range of mercaptide concentration (1-450 mM). This spectrum (unbroken curve in Figs. 1 and 2) bears close resemblance to that of unligated PA450 (2) . Although direct titration of heme with mercaptide solution resulted in spectral transformation with isosbestic points, and stoichiometric calculations indicated that only one mercaptide ligand was coordinate to each heme, we have alternatively employed a flash photolysis technique to establish that the species which exhibited the 408 nm Soret peak was indeed a monomercaptide heme.
It is well known that all CO heme complexes are photodissociable, that is, k-1 in Eq. 2 is greatly enhanced by light L HemeCO kiLHeme + CO [2] while the chelation of L and Heme is little affected. Chang In fact, the binding of just one mercaptide to heme is rather weak if the availability of the anion is not optimized (3) and a substantial reduction of affinity has been observed when the mercaptide salt itself, instead of its crown ether complex, was used in this reaction.
As shown in Figs. 1 and 2 , the polarity of the heme environment appears to play a significant role in the absorption spectrum of the [RS-Heme'CO] complex. Both the wavelength of the "Soret" peaks and the ratio of absorbances between the "450" band and the "370" band can be varied by changing solvent polarity. Splitting of a single Soret band into two bands ("hyper" type spectrum) observed in our model systems and in the CO-P-450 complex has been interpreted as a charge transfer from a mercptide sulfur orbital to the porphyrin eg (7r*) coupled to the normal porphyrin iX r* transition (25) .
The comparison of wavelength and absorbance ratio between models and the enzyme ( (17, 26, 27) indicate that solvents such as substituted formamides are slightly coordinated to heme, and although the affinity of these solvents towards heme is low, they are capable of modulating the binding between heme and other strong coordinating ligands. As shown in Scheme I, there is a 2-fold decrease of the formation constants when measured in DMA, and this could be viewed as a solvent coordination effect. With respect to the enthalpy change of the CO binding by mercaptide heme, it should be noted that even in this coordinating solvent, AH for CO binding is -16 kcal/ mol, a magnitude comparable to other coordination reactions of heme with small ligands. The previous literature report that no enthalpy change was observed for liver microsomal P-450 (23) is therefore very surprising, and could imply that an endogenous or exogeous ligand was already strongly coordinating at the sixth site of the reduced P-450, thereby compensating the heat of reaction. In this context, enthalpy data for the purified bacterial P-450, with and without camphor, are needed to compare with the model systems. The kinetic and equilibrium data also reveal the major difference between our model systems and P-450 lies in the CO off rate. The smaller k-, of Chemistry: Chang and Dolphin CO-P-450 could mean that the protein imparts some stabilizing effect upon the CO complex. The nature of the Fe-CO bond has been probed by infrared spectroscopy. We have found the carbonyl stretching frequency of [RS.-Heme-CO] .in DMA is 1923 cm-1, the lowest vco reported for CO-heme complexes (5, 28, 29) . Since vco is supposed to reflect the extent of r back-bonding to CO, and thus reflect the ir-electron density on the iron atom, this finding corroborates the suggestion that mercaptide p orbitals extensively overlap with heme orbitals (4). It should be borne in mind, however, that the strength of the iron-CO bond per se (as related to vco) apparently has no direct correlation with the overall affinity for CO (29) . This is evidenced by the fact that despite the very "strong" bonding of the [rs--Heme.CO] complex the CO affinity for our models or even the enzyme are rather poor when compared to other CO complexes of the general type [L-Heme-CO].
Mercaptide Versus Other Ligands. The presence of a sulfur ligand in P-450 has been repeatedly suggested in the recent literature (1) (2) (3) (4) (5) (6) (7) (8) (9) . Although the analogy and correlation between our model systems and the enzyme presented here is a strong one, we still have to confront the ultimate, yet inevitable, question of whether a mercaptide is indeed coordinated to heme in P-450, and one must ask the question: could there be any other ligands responsible for the "hyper" type spectrum? Indeed, the mercaptide postulate recently has been questioned by Hager's observations with chloroperoxidase (30) (31) (32) . The striking optical and M6ssbauer spectral similarities found between chloroperoxidase and P-450 suggest that an identical axial ligand is present in both enzymes, yet there is evidence that only one disulfide cystine linkage is found in both the oxidized and reduced form of chloroperoxidase (32) . In 
